Background Prognostication in the early stage of traumatic coma is a common challenge in the neuro-intensive care unit. We report the unexpected recovery of functional milestones (i.e., consciousness, communication, and community reintegration) in a 19-year-old man who sustained a severe traumatic brain injury. The early magnetic resonance imaging (MRI) findings, at the time, suggested a poor prognosis.
Introduction
Predicting recovery of consciousness and functional capacity in patients with severe traumatic brain injury (TBI) is a common challenge that confronts clinicians in civilian and military intensive care units [1] . Although the majority of patients survive [2] , many suffer from severe disability [3] or remain in a vegetative [4] or minimally conscious state [5] after emergence from coma [6] . Recovery of meaningful neurologic function has, however, been reported after traumatic coma [7] [8] [9] , with up to 20 % achieving a favorable outcome after a prolonged period of altered consciousness [6, [10] [11] [12] [13] [14] . Given the profound implications of neurologic recovery for patients and their families, the development of clinical tools to predict outcomes in acute TBI has been the focus of several international studies over the past decade. These studies established the prognostic utility of demographic, physical examination, laboratory, and computed tomography (CT) findings [15, 16] , which formed the basis for the IMPACT [17] and MRC CRASH [18] outcome prediction models.
A major limitation of the IMPACT and MRC CRASH prognostic models is their reliance on CT imaging data, since recent studies have demonstrated that magnetic resonance imaging (MRI) provides better prognostic accuracy than does CT [7, 19, 20] . The advantage that MRI provides over CT is attributed to its increased sensitivity for identifying traumatic axonal injury (TAI) [20] [21] [22] [23] , which is the most difficult to detect [24] and neurologically devastating [25, 26] type of lesion in patients with non-penetrating head trauma. The MRI techniques that have shown the greatest promise in improving the detection of TAI, and hence improving prognosis, are diffusion-weighted imaging (DWI) and T2*-weighted gradient-recalled echo (GRE) imaging, which are sensitive to non-hemorrhagic and hemorrhagic axonal injury, respectively [27] . Experimental [28] and clinical [29] [30] [31] studies utilizing DWI have shown that TAI is associated with early and persistent decreases in the apparent diffusion coefficient (ADC), similar to that observed in acute tissue infarction due to ischemia [32] . Furthermore, DWI studies in comatose cardiac arrest patients suggest that severe ADC reductions are predictive of poor long-term functional outcome [33] [34] [35] . These observations have led many to speculate that severe ADC reduction over large cerebral territories may also be predictive of poor outcome in comatose TBI patients. Similarly, T2*-weighted imaging has been shown to provide superior detection of hemorrhagic TAI compared to T2-weighted imaging and CT [36, 37] .
In this report, we describe the unexpected extent of functional recovery demonstrated by a patient with traumatic coma for whom a poor prognosis was considered because of severe ADC reduction throughout the bihemispheric white matter accompanied by hemorrhagic TAI throughout the hemispheres and brainstem. We performed longitudinal comparisons of diffusion tensor imaging (DTI) data (which include DWI and ADC) that were acquired in association with standardized neurobehavioral assessment at four time points over the first year of recovery-day 8 (coma), day 44 (minimally conscious state), day 198 (posttraumatic confusional state), and day 366 (restoration of mental capacity and community reintegration). Finally, we map the patient's traumatic microbleeds, detected with T2*-weighted imaging, onto a template of brainstem arousal nuclei to determine which components of the ascending reticular activating system (ARAS) were damaged by hemorrhagic axonal injury.
Methods

Clinical Data
A 19-year-old healthy right-handed man sustained a severe TBI with loss of consciousness as the result of a motor vehicle accident. The patient was the unrestrained driver of a sports utility vehicle that struck a telephone pole. He was found unresponsive in the front seat and extraction from the vehicle lasted 8 min, during which he was noted to have agonal respirations with a respiratory rate of eight breaths per minute. Intubation could not be performed by emergency medical personnel at the scene of the crash due to severe facial fractures. On arrival to the Emergency Department at our institution 37 min after the accident, the patient was afebrile and hemodynamically stable (BP 177/90 mmHg, HR 115 beats per minute) with a pulse oximetry oxygen saturation of 88-91 % while receiving bag-mask ventilation. He was intubated immediately. The first arterial blood gas analyzed at the time of intubation revealed a pH of 7.23, PCO 2 of 66 mmHg, and PO 2 of 43 mmHg. After intubation, the PO 2 increased to >80 mmHg for the remainder of his resuscitation.
Neurologic examination demonstrated that although both arms were moving spontaneously, his eyes remained closed and he was unable to respond purposefully to verbal commands or noxious stimuli. The pupils were 3 mm and minimally reactive. Corneal reflexes could not be assessed due to periorbital injury. The cough reflex was present. Head CT scan revealed a left frontal epidural hematoma (maximal thickness of 24 mm), right frontotemporal epidural hematoma (maximal thickness = 10 mm), left frontotemporal subdural hematoma (maximal thickness = 6 mm), bilateral frontotemporal contusions, intraventricular hemorrhage, and multifocal punctate hyperdense lesions in the bihemispheric white matter suggesting hemorrhagic TAI. There was rightward midline shift of 7 mm at the level of the septum pellucidum. The basal cisterns and the fourth ventricle were effaced, and there was downward herniation of the cerebellar tonsils into the foramen magnum. A depressed fracture of the left sphenoid triangle was present, as well as extensive bilateral facial fractures with possible compression injury to the optic nerves.
Within 54 min of arrival at the Emergency Department, the patient was taken to the operating room for left-sided decompressive hemicraniectomy, evacuation of the left frontal epidural hematoma, and placement of an intracranial pressure monitor (bolt). A post-operative head CT scan demonstrated interval enlargement of the right frontotemporal epidural hemorrhage (from 10 mm to 27 mm in maximal diameter) necessitating right-sided hemicraniectomy and right frontal epidural hematoma evacuation. Throughout the initial resuscitation and surgeries, the patient's systolic BP remained above 90 mmHg and his mean arterial pressure was greater than 60 mmHg. He received a total of 6 units of packed red blood cells within the first 24 h of his injury, and his hemoglobin never fell below 7.0 g/dl during his hospitalization. Based on his neurologic examination at the time of admission and his initial laboratory and CT data, the MRC CRASH model [18] predicted a 78 % chance of an ''unfavorable outcome'' at 6 months and the IMPACT model [15] predicted a 30 % chance of an unfavorable outcome at 6 months, with unfavorable outcome defined as a Glasgow Outcome Scale score of 1 (death), 2 (persistent vegetative state), or 3 (severe disability).
The early post-operative course (day 1-6) was notable for paroxysmal sympathetic hyperactivity [38] , diabetes insipidus, electrographic seizures (intermittently associated with facial twitching), chest tube placement for left-sided pneumothorax, removal of the intracranial pressure monitor with concurrent placement of an external ventricular drain, and temporary external fixation of a left femur fracture. He was treated with antibiotics for pneumonia and a urinary tract infection, but there was no evidence of sepsis at any time during his hospitalization. On day 6, he underwent tracheostomy and gastrostomy tube placement.
The patient's first MRI scan was performed on day 8, in part to assist in making a prognosis for recovery. At this time, the patient was in a coma (intubated and off sedation) with no eye opening, no response to commands, flexor posturing of the right arm and leg, and extensor posturing of the left arm and leg [Glasgow Coma Scale score = 5 T (eyes = 1, motor = 3, verbal = 1 T)]. The pupils were asymmetric and non-reactive to light (OD 3 mm, OS 4 mm), but the corneal and cough reflexes were present. Brain MRI revealed confluent, bihemispheric white matter hyperintensity on DWI with corresponding hypointensity on the ADC maps, suggesting restricted diffusion of water throughout the white matter (Fig. 1) . The T2-weighted fluid-attenuated inversion recovery sequence showed hyperintensity in the same bihemispheric white matter distribution, though not as prominent as the DWI hyperintensity ( Fig. 1) . Widespread punctate hypointense lesions were seen in the bihemispheric white matter and brainstem on the T2* GRE sequence, indicating hemorrhagic TAI (Figs. 1, 2 ). The presence of hemorrhagic TAI lesions in the corpus callosum and right dorsal pons were consistent with the most severe grade of TAI (i.e., ''grade 3 diffuse axonal injury'') [24, 25] . Because of the imaging and clinical findings, the patient's prognosis was judged to be poor. After extensive discussion over several days with the patient's parents, the decision was made collectively to continue aggressive medical and surgical care.
Continuous electroencephalography (EEG) was initially performed from day 2 to 3 because of episodes of tachycardia and upper extremity posturing. No epileptiform activity was identified at this time; rather, the EEG revealed generalized low-amplitude delta slowing with no electrographic reactivity to tactile or auditory stimulation. Continuous EEG was repeated from day 8 to 15 because of persistent coma and episodes of facial twitching. Non-convulsive status epilepticus from a left frontal seizure focus was detected on day 12, and the patient was treated with propofol-induced burst suppression for 24 h. On day 17, the patient began to spontaneously open his eyes without demonstrating awareness of self or environment, indicating transition from coma to the vegetative state [4] . A repeat EEG on day 17 also demonstrated electrographic reactivity to stimulation for the first time. During week 4, the patient's eyes were open intermittently, but he did not regard or track the examiner. Spontaneous movements were observed in the bilateral upper extremities and right lower extremity, and triple flexion was observed in the left lower extremity. During week 5, the patient intermittently exhibited episodes of visual fixation and localization to noxious stimuli with the upper extremities, signaling early emergence of consciousness and transition to the minimally conscious state [5] .
A follow-up MRI scan performed on day 44 demonstrated interval normalization of the bihemispheric white matter signal on DWI and a corresponding increase in diffusivity on the ADC maps (Fig. 3) . On days 36 and 50, he underwent surgical repair of multiple skull base fractures. On day 59, the patient was transferred to an inpatient disorders of consciousness program for comprehensive neurorehabilitation, where he showed continued behavioral evidence of recovery. On day 60, he regained the ability to mobilize in bed with cues. Specifically, he could transition from the supine to sitting position and vice versa with minimal physical assistance by one therapist. In addition, he transferred from bed to a chair with moderate assistance by two therapists. He was correctly answering biographical questions approximately 75 % of the time and following one-step commands approximately 40 % of the time. He answered ''yes'' with thumbs up and ''no'' with horizontal head turning. On day 70, amantadine hydrochloride was initiated at 100 mg twice daily (7AM and 1PM) and subsequently titrated up to 125 mg twice daily to promote arousal and behavioral responsiveness. At the time of initiation of this therapy, the patient could stand on his own by placing his hand on a walker. He required minimal assistance with transfers and was able to ambulate fifteen feet with the therapist's hands supporting his hips for balance. He also began phonating verbal responses to commands approximately 50 % of the time and was following one-step commands with 70 % accuracy. Amantadine hydrochloride was discontinued on day 77 after a series of febrile infections (pneumonia and clostridium difficile colitis) confounded the assessment of this medication's efficacy. By day 85, the infections had been The hyperintense signal in the bihemispheric white matter seen on the DWI and FLAIR images, in association with the hypointense signal on the ADC maps, indicates restricted diffusion of water. The scattered, punctate, hypointense lesions on GRE indicate hemorrhagic traumatic axonal injury. Of note, the large right frontal hypointensity seen on the DWI and GRE images represents susceptibility artifact from an external ventricular drain (EVD) treated, and methylphenidate was initiated at 2.5 mg twice daily (7AM and 1PM). The patient was now identifying words and objects inconsistently via eye gaze and assisting with self-care activities. On day 90, he was able to ambulate 50 feet. He responded to specific yes-no questions 75 % of the time with 60 % accuracy.
A third MRI scan was obtained prospectively on day 198. Neurobehavioral assessment indicated that the patient had emerged from the minimally conscious state and met criteria for the post-traumatic confusional state [39] . By the fourth scan, performed on day 366, he was consistently oriented to his location, and the date, year, and day of the week. He was living at home with his family and was independent in most activities of daily living, such as feeding and toileting, although he still required minimal assistance with grooming. The Disability Rating Scale (DRS) [40] was administered within 3 days of each scan: on the same day as the first scan, the day before the second scan, 3 days before the third scan, and on the day of the last scan. The DRS score incorporates assessments of arousal and awareness, ability to perform self-care, level of physical dependence, and psychosocial capacity for work or school [40] . Total DRS scores range from 0 (no disability) to 30 (death), and the DRS may be more sensitive to detecting functional recovery after TBI than the Glasgow Outcome Scale [41] or the Functional Independence Measure [42] . A final DRS score was assessed 2 years post-injury, at which time the patient was functionally independent within his home environment and was also performing basic tasks in a supervised work environment.
Image Acquisition
All diffusion data were acquired on 1.5 T MRI scanners utilizing an echo-planar twice-refocused spin-echo sequence [43] with 25 directional diffusion gradients and diffusion weighting (b-value) of 1,000 s/mm 2 . The first two scans were performed on a General Electric Signa HDxt scanner (General Electric Medical Systems, Waukesha, WI), one of our inpatient clinical scanners; DTI data are acquired as part of the routine MRI protocol at our institution. The third and fourth scans were performed on a Fig. 2 Mapping traumatic microbleeds in the brainstem. Traumatic microbleeds are punctate hypointense lesions indicated by white arrows in the rostral pons (top row) and caudal midbrain (bottom row). In the right panel, traumatic microbleeds identified by 3 T susceptibility-weighted imaging (SWI) are coregistered to Montreal Neurological Institute (MNI152) space and superimposed upon a template of brainstem arousal nuclei. Traumatic microbleeds are colored red, and brainstem arousal nuclei are color-coded as follows: dark blue locus coeruleus; turquoise dorsal raphe 0 ; white pontis oralis (pontine reticular formation); green median raphe 0 ; yellow parabrachial nuclear complex; light blue periaqueductal gray matter; pink ventral tegmental area; purple pedunculopontine nucleus. The traumatic microbleeds overlap partially with the right-sided locus coeruleus, parabrachial nuclear complex, dorsal raphe 0 , and periaqueductal gray matter. Neuroanatomic landmarks: Cb cerebellum; 4th fourth ventricle; CP cerebral peduncle; Aq cerebral acqueduct. Of note, although the GRE and SWI datasets were acquired on different days, the paramagnetic properties of blood are expected to produce the same hypointense signal at each time point Siemens Avanto scanner (Siemens Medical Solutions, Erlangen, Germany) at our outpatient facility as part of a prospective research protocol approved by our institutional review board, with the family's consent and the patient's assent. The diffusion-tensor sequence for the first two scans utilized the following parameters: TR = 5,000 ms, TE = 98.8-105.9 ms, acquisition matrix = 128 9 128 (zero-filled to 256 9 256), field-of-view = 230 mm, in-plane resolution = 0.9 9 0.9 mm, and slice thickness = 5 mm with a 1-mm interslice gap. Three non-diffusion-weighted volumes with b-value = 0 s/mm 2 (b0) were acquired. The diffusion-tensor sequence for the third and fourth scans utilized the following parameters: TR = 5,000 ms, TE = 88 ms, acquisition matrix = 128 9 128, field-ofview = 220 mm, in-plane resolution = 1.72 9 1.72 mm, and slice thickness = 5 mm with a 1-1.5-mm interslice gap. Five b0 volumes were acquired.
The axial T2*-weighted 2D GRE echo-planar imaging sequence performed during the first scan (day 8) utilized the following parameters: TR = 12,000 ms, TE = 29.7 ms, flip angle = 90°, slice thickness = 5 mm with a 1-mm gap, 256 9 256 acquisition matrix, field-of-view = 230 mm, in-plane resolution = 0.9 9 0.9 mm. Axial 3D susceptibility-weighted imaging (SWI) was performed on Siemens 1.5 T Avanto and 3 T Trio MRI scanners at the fourth time point (day 366) utilizing the following parameters: TR = 27 ms, 
org). Regions of interest (ROIs)
were manually traced on the b0 volumes for each scan to avoid biasing ROI neuroanatomic localization by the ADC or FA findings. These non-diffusion-weighted b0 volumes are inherently coregistered to the ADC and FA maps. In order to minimize the likelihood of obtaining spurious results due to multiple comparisons, we focused our analyses on ROIs that have been shown in prior MRI and/or DTI studies to have prognostic utility or to correlate with recovery of consciousness after severe brain injury. Specifically, the genu and splenium of the corpus callosum were chosen because of studies showing an association between FA in these regions and outcome after TBI [44] [45] [46] . In addition, the subcortical white matter and thalamus were chosen in view of evidence demonstrating that ADC values in these regions differ between patients in the vegetative and minimally conscious states [47] . The entire genu, splenium, and thalamus were manually outlined for the purpose of ADC and FA analysis. For the subcortical white matter analysis, the bihemispheric white matter was outlined in a single axial slice at the level of the centrum semiovale and the body of the corpus callosum (middle column in Fig. 1 ). This axial slice was chosen as a representative section of subcortical white matter because it was superior to the region of severe atrophy related to the left frontotemporal contusions and it was inferior to the region that was most affected by susceptibility artifact from the external ventricular drain. Voxels that were affected by volume-averaging of signal from the cerebrospinal fluid were rigorously excluded. To analyze the extent and severity of hemorrhagic TAI, the T2* GRE data from day 8 were compared to the SWI data from the 1.5 and 3 T scans performed on day 366. The scan with the greatest number of traumatic microbleeds (3 T SWI on day 366) was then transformed to the standard Montreal Neurological Institute (MNI) space using the MNI152 T1-weighted dataset as a template. To improve the accuracy of the coregistration, the skull was stripped from the 3 T SWI dataset using the Brain Extraction Tool in the FMRIB Software Library (FSL) [48] . Subsequently, the 3 T SWI dataset was coregistered to the MNI152 template using FMRIB's Linear Image Registration Tool (FLIRT version 5.5) in FSL [48] with an affine transformation. After coregistration, the traumatic microbleeds in the patient's brainstem were traced in MNI space and their neuroanatomic location was mapped onto a template of ARAS brainstem nuclei. This template of the brainstem nuclei that are implicated in arousal (wakefulness), and hence consciousness [49] [50] [51] , was manually traced in MNI space based on data from a recent histo-radiologic correlation study of the ARAS arousal nuclei (Fig. 2) [51] .
Results
Longitudinal MRI findings are shown in Fig. 3 , and longitudinal quantitative ADC and FA measurements for each ROI are reported in Table 1 . Mean ADC values on day 8 in the white matter of the genu, splenium, and subcortical white matter ranged from 230 to 400 9 10 -6 mm 2 /s (Table 1) . These ADC values were in a range that is believed to indicate irreversible neuronal injury (below 600 9 10 -6 mm 2 /s) [52, 53] . Mean ADC values in the white matter ROIs increased at subsequent time points (except in the subcortical white matter between days 198 and 366), with the largest interval increase occurring between days 8 and 44. FA values in the white matter ROIs were reduced at each time point compared to most published normal values [47, [54] [55] [56] . A decline in FA was observed for each white matter ROI at each time point between days 8 and 366 (except in the subcortical white matter between days 198 and 366), although the magnitude and rate of decline varied. The largest FA decline between days 8 and 366 was present in the genu of the corpus callosum (from 0.67 ± 0.17 to 0.35 ± 0.07,-48 %). In the thalamic ROI, mean ADC and mean FA values were similar to the published normal values at each time point [47, 54, 57] . Although the subcortical white matter diffusion restriction was profound, diffusion restriction was not observed in the cerebral cortex on day 8. Quantitative longitudinal analysis of ADC and FA values within the cerebral cortex was precluded by the emergence of extensive encephalomalacia in the frontotemporal regions affected by contusions.
Four brainstem traumatic microbleeds, indicating hemorrhagic TAI, were identified on the 3 T SWI sequence on day 366: two in the rostral pons and two in the caudal midbrain (all right-sided). In comparison, three traumatic microbleeds were identified on the 1.5 T SWI sequence on day 366 and one traumatic microbleed with a multi-lobed appearance was observed on the 1.5 T GRE sequence on day 8. The 1.5 T GRE sequence did not detect any midbrain microbleeds, and the 1.5 T SWI sequence only detected one midbrain microbleed. Neuroanatomic localization of the brainstem traumatic microbleeds on the ARAS template revealed that the hemorrhagic axonal injury involved the right-sided locus coeruleus, dorsal raphe 0 , parabrachial nuclear complex, and periaqueductal gray matter (Fig. 2) .
The patient's longitudinal DRS scores are shown in Table 2 . His DRS score declined, indicating functional improvement, at each follow-up assessment. His DRS score was 8 at the time of the final MRI scan on day 366, consistent with moderately severe functional disability. At the 2-year follow-up, his DRS score had improved further to 3, indicating partial residual disability (see also supplementary video).
Discussion
In this 19-year-old man with severe TBI causing coma, the early MRI data incorrectly suggested a poor prognosis. Despite the presence of brainstem hemorrhagic axonal injury on T2*-weighted GRE, our patient showed marked improvements in arousal and attention within 6 weeks of onset. Furthermore, despite extensive bihemispheric diffusion restriction on the ADC maps, our patient experienced cognitive and functional recovery sufficient to support independent living in the home environment. This recovery continued for the first 2 years of follow-up, with associated dynamic changes in white matter ADC and FA values observed on serial neuroimaging. The longitudinal clinical-radiologic observations in this case thus demonstrate that recovery of meaningful function is possible even when MRI data suggest a highly unfavorable prognosis. Although recent studies show that MRI [7, 19, 20, 22, 26, 58, 59] , and in particular DTI [60] , is a powerful predictor of outcome after severe brain injury, our study suggests that early (i.e., day 8) MRI may have limited specificity for predicting poor outcome.
Expectations for recovery of communication and selfdirected behavior were considerably lower than those for recovery of arousal, given that the bilateral diffusion restriction encompassed nearly the entire hemispheric white matter, while the brainstem injury was limited to the right side. Reversal of restricted diffusion in TAI has been described in rare reports [61, 62] , but to our knowledge this type of reversal has not been previously described with serial neuroimaging or in a case with such a widespread extent of axonal injury. Notably, confluent white matterrestricted diffusion in head trauma is rare and may indicate superimposed hypoxic injury. Indeed, the presumed period of hypoxia that occurred during the patient's prolonged extraction from his car (supported by observations of agonal breathing by emergency responders) suggests that the pattern of injury observed on MRI may have been caused by hypoxic cerebral injury superimposed upon TAI. Furthermore, the pattern of injury observed by MRI on day 8 was similar to that described during the same time period Table 1 Mean apparent diffusion coefficient and fractional anisotropy values for the subcortical white matter, genu of the corpus callosum, splenium of the corpus callosum, and thalami at (i.e., day 6-12) in patients with hypoxic-ischemic injury after cardiac arrest [63] . While prior studies of patients in coma following hypoxic-ischemic injury have indicated that median whole-brain ADC values of less than approximately 600 9 10 -6 mm 2 /s are associated with poor outcome [33] , our patient's recovery suggests that TAI, or TAI in combination with hypoxia, can cause diffusion restriction via a distinct-and possibly reversible-set of pathophysiological mechanisms. Furthermore, the absence of cortical necrosis on longitudinal imaging analysis is consistent with the hypothesized injury mechanisms of TAI and hypoxia, without concurrent ischemia. Indeed, patients with isolated hypoxia may have greater potential for neurologic recovery than those with both hypoxia and ischemia [64, 65] .
Potential mechanisms for intracellular diffusion restriction in TAI include impaired axoplasmic transport due to neurofilament disruption, loss of transmembrane ionic homeostasis, free radical formation, and/or glutamate-induced excitotoxicity [28] . In addition, extracellular diffusion restriction may occur as axonal membrane fragmentation and hemorrhage create barriers to water diffusion [59] . These heterogeneous pathophysiologic mechanisms in TAI may help to explain the variable time course of diffusion restriction in TAI. DWI hyperintensity and ADC hypointensity have been reported up to 18 days after TAI [30] , as compared to the stereotypical pseudonormalization of restricted diffusion by day 7-10 in ischemia [52, 66] . Furthermore, animal models of TBI have demonstrated that axonal injury may be non-disruptive in that the axonal membrane and/or neurofilamentous architecture may be disturbed without complete transection of the axon [67, 68] . It is presumably these incompletely injured axons that enable recovery of function in cases like the one described here.
Notably, ADC and FA values in the thalami were relatively preserved both at day 8 and 1 year after the patient's injury. Studies of comatose cardiac arrest patients have suggested an association between reduced thalamic ADC values and poor outcomes [33, 69] , and histopathologic studies have implicated thalamic injury in the pathogenesis of prolonged altered consciousness [70, 71] . The potential sparing of the thalami, as indicated by near-normal ADC and FA values at each time point, may have thus portended a good outcome in this patient. DTI studies of thalamic FA in other diseases that affect the white matter, such as multiple sclerosis, have found that hemispheric white matter injury may be paradoxically associated with increased thalamic FA [57] . The etiology of this increase in thalamic FA is incompletely understood but may reflect loss of intra-thalamic crossing fibers due to Wallerian degeneration of afferent and/or efferent white matter pathways entering/exiting the thalamus. Further studies are, therefore, necessary to elucidate the relationship between TAI and thalamic FA and ADC to determine whether these quantitative imaging biomarkers have prognostic utility in patients with severe TBI.
The limitations of early MRI for predicting outcome following severe TBI and coma are further highlighted by the localization of the patient's brainstem microbleeds. Currently, brainstem lesions associated with TAI are classified according to the three-tiered grading system developed by Adams and colleagues for histopathologic grading of diffuse axonal injury [25] . This approach has been widely applied to MRI studies of TAI because it provides an easily identifiable classifier of TAI severity. Yet, this three-tiered system of TAI grading (in which our patient would be graded as having ''grade 3 diffuse axonal injury'') does not distinguish between brainstem lesions that affect the ARAS arousal pathways and lesions outside arousal pathways that are less likely to impact recovery of consciousness. In our patient, brainstem microbleeds were present within the locus coeruleus, dorsal raphe 0 , parabrachial nuclear complex, and periaqueductal gray matter, but each of these nuclei was only partially affected by small microbleeds and only on the right side of the brainstem. Hence, it appears that partial, unilateral injury to these nuclei, which are a source of noradrenergic, serotonergic, glutamatergic, and dopaminergic neuronal projections to the diencephalon and forebrain [50] , does not prevent recovery of arousal when the arousal pathways of the contralateral, homologous nuclei and other ipsilateral arousal-related nuclei are preserved. It remains to be determined which nuclei of the ARAS are most important for recovery of consciousness. Nevertheless, a rigorous approach to neuroanatomic localization of brainstem lesions in traumatic coma is likely to improve the description of patients with TBI enrolled in clinical trials. Recovery of arousal has been described in MRI studies of patients with unilateral brainstem TAI [7] and patients with unilateral ischemic lesions in the brainstem [49] . These findings suggest that the brainstem arousal network contains redundant circuitry, a hypothesis that is supported by a recent historadiologic connectivity analysis in which several of the known neurotransmitter-specific brainstem arousal nuclei were shown to connect with overlapping sites in the thalamus, hypothalamus, and basal forebrain [51] . It is also possible that ARAS lesion mapping may be used in the future to guide individualized neurostimulant therapies that will target specific neurotransmitter networks affected by TAI. In this case, it is not possible to discern the relationship between initiation of the neurostimulants (i.e., amantadine hydrochloride and methylphenidate) and the patient's clinical status. Both medications were started during the subacute period when spontaneous recovery is most rapid and the patient had already demonstrated clear-cut behavioral signs of improvement. Under these circumstances, one can only speculate about the impact of these medications on the patient's recovery.
Finally, our findings are consistent with prior studies suggesting that SWI is more sensitive than 2D-GRE (with 5-mm-thick slices) for detecting brainstem microbleeds [72] at 1.5 T, and that higher field strength (e.g., 3 T MRI) using thinner slices (e.g., 1.5 mm) further increases the sensitivity for detecting microbleeds [73] . Although the GRE and SWI data were acquired on different days, the paramagnetic properties of blood are expected to produce the same hypointense signal characteristics at each time point. Moreover, there is no indication from the clinical data that the patient experienced a new brainstem hemorrhage between days 8 and 366.
A potential limitation of our study is the utilization of different MRI scanners and slightly different diffusion sequences for the first and second scans, as compared to the third and fourth scans. Nonetheless, the diffusion sequences that were used to measure ADC and FA at each time point utilized the same number of directional diffusion gradients (n = 25) and the same b-value (1,000 s/mm 2 ). Given that these are the two parameters most likely to affect the quantitative diffusion measurements [74, 75] , it is unlikely that other small differences between the two diffusion sequences would have significantly confounded the results of the longitudinal imaging analysis. It is also notable that our patient was a healthy young man who received prompt transport to a nearby trauma center and neurocritical care unit, as well as rapid resuscitation and surgical evacuation of intracranial mass lesions. While age is currently recognized as an important prognostic factor and is incorporated in the IMPACT and MRC CRASH prognostic models [15, 18] , it is important to consider that our patient's healthy pre-injury status and rapid treatment guided by physician and nurse specialists in neurocritical care may have influenced his recovery in ways that are not measured by the current prognostic models. Finally, there are additional sequences available on clinical MRI scanners, such as magnetic resonance spectroscopy, that were not performed in this study but may have provided prognostic utility [76] .
Conclusions
Our patient's unexpected recovery of consciousness, communication, and functional independence suggests that MRI data must be interpreted with caution in the early stage of traumatic coma. The correlative clinical-radiologic observations in this case highlight the current limitations of early MRI as a prognostic tool following TBI and reinforce the need for ongoing development of multimodal models to predict outcomes for patients with traumatic coma.
